INTRODUCTION
In bacteria, transcription is mediated by a single DNA-directed RNA polymerase (RNApol). This enzyme is composed of four essential subunits: the a subunit is involved in RNApol assembly and interaction with transcriptional regulators and promoters, the b and b 0 subunits form the catalytic core, and the variable s subunit is required for promoter recognition and transcription initiation (Lane and Darst, 2010a, 2010b) . In addition, non-essential subunits also exist, including the u subunit, which promotes RNApol assembly and is present in all domains of life (El-Gebali et al., 2019; Mathew and Chatterji, 2006) , or the Firmicutes-specific d subunit that decreases RNApol affinity toward DNA and consequently increases specificity (Ló pez De Saro et al., 1999) .
Because of the central role that transcription initiation plays in determining gene expression and hence protein production in bacteria, regulating the activity of this enzyme has been one of the major points of focus of synthetic biology. So far, the vast majority of approaches have focused on promoter engineering and the use of repressors (Alper et al., 2005; Stanton et al., 2014) , and more recently the use of single-subunit RNA polymerases (Meyer et al., 2015) . Although these attempts have been very successful and allowed the implementation of numerous regulatory switches and circuits, the number of well-characterized switches is still relatively low thereby limiting the complexity of the resulting genetic circuitry.
The potential of exploiting the RNApol subunits themselves has been mostly neglected. However, the s subunit, in particular, holds great engineering potential owing to its role in determining the DNA specificity of RNApol via interaction with their target promoters. In addition to the essential primary s factors in charge of housekeeping functions, bacteria contain a large diversity of non-essential alternative s factors that control specific subsets of genes. This ability to redirect RNApol is based on alternative promoter signatures specific of each s factor (Pinto and Mascher, 2016) .
The largest and most diverse group of alternative s factors is the extracytoplasmic function family, currently divided into 94 groups that are supported by sequence similarity, genomic context conservation, and target promoter sequence (Pinto and Mascher, 2016 ). Extracytoplasmic function s factors (ECFs) exhibit several attractive features for engineering.
(1) They are widespread in bacteria (Staro n et al., 2009) ; (2) they recognize alternative promoters that are unrelated to those recognized by the housekeeping s factor (Staro n et al., 2009); (3) they are simple and highly modular by containing only two of the conserved s factor domains, each interacting with one of the key promoter elements (i.e., À35 and À10 elements) (Feklístov et al., 2014) ; and (4) the activity of ECFs is naturally controlled by a variety of mechanisms (Mascher, 2013) that can potentially also be engineered. This implies that, at least theoretically, ECF circuits implemented in one organism can be easily transferred to another given that all bacteria have s factor-dependent transcriptional initiation. In addition, their small size and reduced number of conserved domains makes them easy to manipulate.
Despite these attractive features, surprisingly few attempts have so far been made to implement s-dependent regulatory switches and circuits (Annunziata et al., 2017; Bervoets et al., 2018; Chen and Arkin, 2012; Pinto et al., 2018; Rhodius et al., 2013; Shin and Noireaux, 2012) . However, these studies have already established that s factors can indeed be used to build heterologous switches and circuits in Escherichia coli, Bacillus subtilis, and cell-free systems. Moreover, by taking advantage of the modularity of ECFs, combinatorial synthesis can be used to increase the diversity of ECF-based switches.
Despite these promising results, the robustness of ECF switches has never been evaluated in detail, thereby preventing their widespread use (e.g., for the assembly of more complex circuits). Here, we have implemented ECF switches in the Gram-positive model organism B. subtilis and comprehensively assessed their behavior by analyzing their responses to changes in copy number, different inducible promoters, variation in the length of their target promoters, ECF stability, and the effect of antisense transcription. We demonstrate that B. subtilis has a significantly narrower phylogenetic range of acceptance of heterologous s factors, in contrast to E. coli (Rhodius et al., 2013) . In addition, the individual ECF switches do not respond identically when subjected to genetic perturbations. Our analysis highlights the need to expand the characterization of any ECF switch beyond their characteristic dose-response curve. Moreover, it uncovers the factors that might influence ECF switch behavior and underscores the critical importance of carefully designing ECF-based genetic circuits.
RESULTS

ECF Switches from Different Origins
ECFs suitable for implementation in B. subtilis had to obey the following rules: (1) they had to belong to ECF groups different from those already encoded in the genome of B. subtilis 168 to avoid cross-activation of the ECF target promoter and (2) their target promoter sequence needed to have been either experimentally determined (as is the case of ECF121 of S. venezuelae; Bibb et al., 2012) or predicted by comparative genomics in the course of the ECF classification (Pinto and Mascher, 2016) . We selected model organisms from the g-Proteobacteria, a-Proteobacteria, Actinobacteria, and Firmicutes to cover a wide phylogenetic range and thereby increase the diversity of ECFs to be implemented. The ECF profiles of B. subtilis 168, Bacillus licheniformis ATCC 14580, Bacillus cereus ATCC 10987, E. coli K-12 DH10b, Sinorhizobium meliloti 1021, and Streptomyces venezuelae ATCC 10712 were determined and the suitable ECFs selected ( Figure 1A ).
The ECF switches were implemented following the general design depicted in Figure 1B : transcription of the ECF-encoding gene was controlled by the xylose-inducible P xylA promoter. The ECF genes from S. meliloti and S. venezuelae were codon adjusted for expression in B. subtilis and an N-terminal FLAG tag was added, which is known not to interfere with ECF activity (Dufour et al., 2012; Gangaiah et al., 2014; Mao et al., 2013; Toyoda et al., 2015; Wecke et al., 2012) . The corresponding ECF target promoter was inserted upstream of the luxABCDE operon of Photorhabdus luminescens optimized for B. subtilis translation machinery (Schmalisch et al., 2010) , thereby allowing to monitor promoter activities based on bioluminescence. Both transcriptional units were inserted into the chromosome at two different well-established loci, hence ensuring a copy number that reflects that of the chromosome: the ECF transcriptional unit was integrated into the lacA locus, which encodes a non-essential b-galactosidase involved in galactan utilization (Shipkowski and Brenchley, 2006) , whereas the promoter or reporter cassette was integrated into the sacA locus, which encodes a non-essential phosphosucrase involved in sucrose utilization (Lepesant et al., 1974) . Both loci are located in close vicinity to the chromosomal origin of replication, thereby minimizing any negative positioning effects and ensuring a balanced expression of both transcriptional units (Sauer et al., 2016) .
remaining 42 did not show any activity ( Figure S3 ). None of these switches caused any detectable growth defects ( Figure S6 ), indicating that under these conditions they are not toxic to the host cells.
The active switches were derived from BL00106 (ECF41) and BL04030 (unclassified) ECFs of B. licheniformis, ECF105 (ECF105) of B. cereus, and SVEN_0399 (ECF19) of S. venezuelae and behaved differently (Figure 1C) : the BL04030-and ECF105-derived switches have a maximal fold-induction of four, whereas the BL00106 and SVEN_0399 switches have a maximal fold-induction of 6 and 14, respectively. The uninduced baseline activity of these four switches (OFF state) also varied, with BL00106 showing higher variation, whereas the ECF105-dependent switch showing the highest baseline. With regard to the ON state, BL04030 switch showed the lowest, whereas SVEN_0399 had the highest maximal output of the switches. The switching threshold (i.e., the concentration of inducer at which the switch turns ON) was determined to be between 0.002% and 0.008% xylose for BL04030, whereas for the remaining switches, it was observed below 0.002% xylose. Remarkably, three of the four switches behave analogously, that is, their output gradually increases over a range of inducer concentrations. In contrast, the BL04030 switch behaves in a digital fashion, i.e., there is a threshold concentration at which the switch directly shifts from the OFF to the fully induced state.
The variation in switch behavior already in this simple design suggests different properties when faced with additional phenotypic or genetic constraints. We therefore decided to challenge these four switches by imposing changes in the copy number of each transcriptional unit, the nature of the inducible promoter driving ECF expression, ECF stability, size of the ECF target promoter, and strength of antisense transcription.
Variations in Copy Number of Each Transcriptional Unit
Initially, the copy number of each of the two transcriptional units was changed either separately or simultaneously. Three variants were analyzed for each ECF switch, in which each or both of the constituent transcriptional units were maintained in a multi-copy plasmid. Again, no growth defects were detected on strains carrying these switches ( Figure S7 ).
Whenever both transcriptional units are present in single or multiple copies, both the maximal output and the baseline increased, with an overall pronounced loss of dynamic range (Figure 2 ; black X versus blue closed circle). A subsequent analysis of strains in which only one of the transcriptional units is present in multiple copies demonstrates that the increase in baseline and the resulting loss of dynamic range is mostly due to the increase in copy number of the promoter or reporter cassette (Figure 2 ; red closed circle versus green closed circle).
We have further investigated this behavior in the BL00106 switch by testing (1) the influence of B. subtilis native ECFs, (2) different plasmid backbones, (3) the existence of other promoter sequences in the BL00106 target promoter (P ydfG ) fragment, (4) different orientations of the transcriptional unit, and (5) deficient termination from the transcriptional unit located upstream of P ydfG . The introduction of an array of terminators upstream of the P ydfG promoter significantly decreased the baseline, suggesting that inefficient termination from upstream transcriptional units increased the background signal ( Figure S5 ).
Increasing only the copy number of the ECF-coding gene results in an increased baseline for BL04030, ECF105, and SVEN_0399 and an overall decrease in activity for BL00106 (Figure 2 ; closed red circle). For BL04030, this change also led to a loss of the digital behavior observed for the single copy switch ( Figure S7 ).
Type of Inducible Promoter Driving ECF Expression
Next, we investigated the behavior of the switches when expression of the ECF is controlled by two different promoters: the xylose-inducible P xylA with an additional copy of the gene coding for its repressor (xylR) under the control of its native promoter (P xylR ) and the bacitracin-inducible P liaI (Mascher et al., 2004; Radeck et al., 2013; Toymentseva et al., 2012) .
The xyl operon is present in the genome of B. subtilis 168. In the presence of our switches, the repressor XylR has two binding sites: one on the native P xylA promoter and another on the P xylA introduced with our switches. As it has been shown previously that the presence of multiple copies of the XylR operator negatively affects the repression mediated by XylR at its target promoter (Gä rtner et al., 1988) , we hypothesized that the additional copy of xylR could reduce the baseline. However, after implementing the new design to our switches, we instead observed a reduced output if the xylR-P xylA cassette was used (Figure 2 ; red open circle). We hypothesize that this reduction might be caused by the increased amount of XylR, given that in the presence of glucose XylR is known to mediate xylose-independent, glucose-dependent repression of P xylA (Kraus et al., 1994) .
The use of P liaI as inducible promoter increased the fold-induction for all switches (Figure 2 ; blue open circle). In addition, the dose-response curves of the switches change and adopt the characteristic sigmoid shape of P liaI -controlled reporter cassette ( Figures S4 and S8 ). In fact, the shape of the dose-response curve of all ECF switches reflects that of the inducible promoter driving the ECF expression ( Figure S4 ), but with an overall reduced maximal output when compared with the inducible promoters themselves (Figures S4 Figure 2 . Robustness of Heterologous ECF Switches in B. subtilis The four three-dimensional scatterplots show the behavior of the ECF switches upon the imposed alterations. Each plot corresponds to one ECF: BL00106 and BL04030 of B. licheniformis, ECF105 of B. cereus, and SVEN_0399 of S. venezuelae. The x axis corresponds to the baseline value of the switch; the y axis corresponds to the maximum output level of the switch, and the z axis corresponds to the maximal fold-induction. Baseline refers to the output observed in the absence of inducer, maximal output refers to the output value upon induction with the maximal concentration of inducer, and foldinduction refers to the ratio between maximal output and baseline values. Baseline and maximal output level are shown as relative luminescence units (RLU) normalized by the optical density at 600 nm (OD600 nm). All data points represent and S8). This reduction is most likely due to the fact that the inducible and ECF target promoters are functionally connected and the output of one promoter (inducible promoter) corresponds to the input of the other (ECF target promoter) (Nielsen et al., 2016; Pinto et al., 2018) .
Changing the Stability of the ECF
Translation is a crucial cellular process and is constantly monitored to recognize and release, e.g., stalled ribosomes. Many bacterial species target the resulting truncated proteins for degradation by the co-translational addition of the SsrA-tag, a small peptide encoded in the ssrA transfer-messenger RNA. Tagged proteins are then recognized and degraded by cytoplasmic proteases (Karzai et al., 2000) . This mechanism, which has been studied in several microorganisms, including E. coli (Andersen et al., 1998) and B. subtilis (Griffith and Grossman, 2008; Wiegert and Schumann, 2001) , has already been used to decrease the stability of transcription factors and improve the performance of genetic circuits (Stricker et al., 2008) . We have therefore tagged the four ECFs with 11 SsrA-tag variants reported to confer different protein stabilities (Andersen et al., 1998; Griffith and Grossman, 2008; Wiegert and Schumann, 2001 ) and subsequently tested the behavior of the resulting switches.
Again, the four switches responded differently to SsrA-tagging. The ECF105 switch was most sensitive, with all tagged variants being inactive (Figure 2 ; closed squares), whereas BL00106 was the most insensitive, with only three variants imposing major changes in switch behavior: LAA renders the switch inactive, whereas DVS and ASV cause an increase in baseline and maximal output (Figure 2 ). In the case of SVEN_0399, all variants caused a reduction in the switch's dynamic range with three of them (LAA, LVA, and AAV) resulting in the complete inactivation of the switch (Figure 2 ). The most complex scenario is observed for BL04030. Four variants (LAA, LVA, LDD, and ASV) have no effects on the dynamic range of the switches but cause the loss of the digital behavior exhibited by the untagged ECF ( Figure S9 ). Three variants (LAD, DAG, and AAV) cause its inactivation (Figure 2 ), whereas the remaining four variants (ISV, ISS, HHA, and DVS) cause an increase in baseline and maximal output, and also the loss of the digital behavior exhibited by the untagged ECF (Figures 2 and S9 ).
Reducing the ECF-Target Promoter Size
Transcription initiation starts with binding of the RNApol to its target promoter. Several contact points are made between RNApol subunits and the promoter (Browning and Busby, 2016; Yuzenkova et al., 2011) : the C-terminal domain of the a subunit contacts the promoter UP element (located approximately at positions À37 to À58); the conserved region 4 of the s subunit contacts the À35 element (positions À35 to À30), whereas its region 2 contacts the À10 element (positions À12 to À7). In addition, the b 0 subunit contacts the Z-element (positions À24 to À18 in the spacer region between À35 and À10 elements). Using the switches of Figure 1 as starting point, we have varied the length of the DNA fragment carrying the promoter. In all cases we have tested shorter fragments, except in the case of SVEN_0399, in which a bigger fragment (À129 to +71) was also tested because the initial switch was built with a smaller promoter fragment.
Two major conclusions can be drawn from the vast array of tested BL00106 target promoter fragments (Figure 2 ; open squares): first, changes in baseline can be achieved by varying the length of the upstream region (compare fragments starting at positions À122, À56, and À35). Second, changes in maximal output can be achieved by varying the length of the downstream regions (for each starting position compare fragments ending at positions +78, +30, +10, +17, and +1) ( Figure S10 ).
For the other ECF switches, we obtained a number of surprising results: all shorter promoter fragments for BL04030 and ECF105 resulted in inactive switches (Figure 2 ), whereas the longest fragment for SVEN_0399 (À129 to +71) also failed to support the activity of the switch (Figure 2 ). The fact that a DNA fragment containing all necessary RNApol contact regions is not sufficient for switch activity is puzzling. One should note that the BL00106 target promoter is the only one for which the transcriptional start site has been Continued averages of three independent experiments in which cells were grown to exponential phase, the expression of the ECF was induced by 0.5% xylose (or 10 mg/mL of bacitracin for P liaI -driven switches), and the values used were obtained 90 min after induction. The legend at the bottom of the figure shows the correspondence between the symbols and the performed alterations.
experimentally determined (Wecke et al., 2012) . Hence, the contact regions for the BL04030 and ECF105 s factors might have been incorrectly predicted or other recognition sequences for binding of additional transcription factors might be necessary. As for the inactivity of the P SVEN_0399 -129 to +71 promoter, we hypothesize that this is due to the high GC content of the S. venezuelae promoter, which hampers transcription initiation in the low GC B. subtilis.
For both BL00106 and SVEN_0399, our results further underscore the previously described crucial importance of the UP element for efficient transcription initiation (Rhodius et al., 2013) : if this element is not included (Figure 2 ; ''À35 to xx'' fragments) the activity of the switch is drastically reduced.
Antisense Transcription
Antisense transcription occurs when promoters are located downstream and oriented in the opposite direction of genes. This particular design can influence gene expression through transcriptional interference (Bordoy et al., 2016; Brophy and Voigt, 2016 (Radeck et al., 2013) .
Again, the ECF switches respond differently to this modification (Figure 2 ; crosses). The BL00106 switch is rather robust to transcriptional interference, whereas the ECF105 and SVEN_0399 switches are the most sensitive, resulting in a severe reduction of dynamic range, mostly due to an increased basal activity (Figure 2, crosses) . Again, the BL04030 switch shows the most complex behavior: transcriptional interference decreased the dynamic range, either by reducing the maximal output (P sigW and P veg ) or by increasing the basal activity (P lepA , P liaG and P J23101 ). Moreover, in all cases but under P veg interference, the digital behavior of the BL04030 switch is lost ( Figure S11 ).
Overall Robustness of the Switches to Genetic Perturbations
The results from the previous sections demonstrate that the different modifications resulted in rather switch-specific alterations in their behavior that preclude easy generalizations. The plots shown in Figure 2 provide an overview of the effect of these alterations on the baseline, maximal output, and maximal foldinduction of the switches. Each point represents one type of alteration relative to the default switch, i.e., the initial design as shown in Figure 1B (represented as a black X in Figure 2 ). The distribution of these points in the three-dimensional space therefore provides a measure of switch robustness toward modifications ( Figure S12 ).
Based on this, BL00106 and BL04030 are the two most robust switches, whereas ECF105 and SVEN_0399 are the most sensitive ones. For ECF105, most alterations cause its inactivation. A similar trend can be seen for SVEN_0399, for which a decrease in performance (increase in baseline, decrease in maximal output, and maximal fold-induction) is very pronounced. The reasons behind and implications of this behavior will be discussed in the next section.
DISCUSSION
From a conceptual perspective, the engineering of the s subunit of RNApol indeed holds great potential as a universal way of controlling bacterial transcription initiation. In agreement with this, several groups have implemented s-factor-based genetic switches and circuits (Chen and Arkin, 2012; Pinto et al., 2018; Rhodius et al., 2013; Shin and Noireaux, 2012) . Despite these first successes, little is still known about the behavior of these regulatory units in less isolated frameworks.
Here, we report on our attempts to implement ECF-based switches from different origins in B. subtilis. In contrast to the results obtained for ECF switch implementation in E. coli (Rhodius et al., 2013) , but in line with our preliminary observations (Pinto et al., 2018) , only 4 of 46 constructed ECF switches were active. This high failure rate (over 82% inactive switches) does not seem to be due to: (1) the nature of the promoter used to induce expression, because inactive switches were built with both P xylA and P liaI ; (2) the deleterious effects of codon optimization on expression of the ECFs, because those from E. coli were not subjected to codon optimization and the resulting switches were also inactive; or (3) the unfeasibility of implementing ECFs from specific ECF groups, given that the ECF41 (BL00106) switch from B. licheniformis is active but none of the ECF41 switches from S. meliloti and S. venezuelae are. The overall trend seems to be that only ECFs from the same phylum, Firmicutes (here B. licheniformis and B. cereus), could successfully be implemented in B. subtilis. The reasons behind this apparent narrower range of acceptance of heterologous s factors are currently unknown, and additional work will be necessary. However, we can postulate that the amino acid differences observed in the RNApol catalytic subunits of different phyla (Lane and Darst, 2010a) might generate a stricter environment for RNApol-s factor interaction in B. subtilis. Another possibility concerns the Firmicutes-specific d subunit, which is involved in decreasing the affinity of the RNApol to DNA (Ló pez De Saro et al., 1999) and therefore might impair the ability of s factors not evolved in its presence to form a productive transcriptional complex. For the specific case of ECFs originating from high-GC organisms, we can also conceive the requirement of additional factors whose function concerns the stabilization of high-GC open complexes, as is the case in other high-GC organisms (Bae et al., 2015; Hu et al., 2014) .
For the four active switches, we have systematically investigated the effect of genetically introduced perturbations on their behavior, by changing: (1) the copy number of each or both constituent transcriptional units, (2) the inducible promoter driving ECF expression, (3) the stability of the ECF protein, (4) the length of the DNA fragment containing the promoter, and (5) antisense transcription over the ECF coding gene and against the inducible promoter. The extensive variability we observed in the response of each ECF switch to a given alteration, and even to alterations of the same type, highlights the complexity of the regulation of ECF switch activity, which we cannot fully predict still. Hence a comprehensive analysis of the different factors influencing ECF activity in vivo is still required for each new ECF switch.
However, despite the high variability in responses between the four ECF switches, we could, nevertheless, extract some common trends on how to design ECF switches. An increase in copy number of any (or both) of the transcriptional units increased the baseline, which is in agreement with the results of implementing ECF timer circuits (Pinto et al., 2018) . Accordingly, ECF switches for synthetic biology applications should be integrated into the chromosome rather than applied as multi-copy plasmid-borne transcriptional units. This will ensure balanced and tightly controlled expression because the copy number of the switch directly correlates with that of the chromosome. In addition, the switch can then be stably maintained without the need for constant selective pressure.
The choice of the inducible promoter used to drive ECF expression is another important aspect to consider when designing an ECF switch, as we observed that the shape of the output curves of the ECF switches closely follows that of the promoters driving their expression (Figures 1 and S4 ). This suggests that the stability of the ECF is equivalent to or lower than that of the reporter, as otherwise we would expect that a stable response of the switch is maintained by the ECF even after transcription of its coding gene has stopped. We have previously determined the half-life of the luminescence reporter signal to be between 4 and 5 minutes (Radeck et al., 2013) . This suggests that the stability of our ECFs is also only a few minutes, which indeed has been reported for other s factors (Zhou and Gottesman, 2006).
Reduction of transcription factor stability is an important parameter that has already been exploited in E. coli (Stricker et al., 2008) and E. coli cell-free systems (Shin and Noireaux, 2012) to increase the temporal resolution of oscillators and reduce the baseline of genetic switches. Here, we have investigated the behavior of our ECF switches when the ECF was tagged for degradation by addition of SsrA tags. It is tempting to suggest that the observed complete inactivation of our tagged ECF switches (Figures S9) is the result of further reducing the already low stability of ECFs. Therefore a deliberate reduction of ECF stability does not improve the performance of ECF switches, in contrast to other transcription factors.
Antisense transcription is another mechanism by which transcriptional regulation can be influenced. It is naturally found in B. subtilis (Eiamphungporn and Helmann, 2009 ) and has already been exploited in the scope of synthetic biology (Bordoy et al., 2016; Brophy and Voigt, 2016). Here we have investigated the effect of having two divergently oriented promoters flanking the ECF-coding gene and observed that the effects upon the performance of the ECF switches increase with the strength of the antisense promoter. Hence, the possibility of antisense transcription is another aspect to keep in mind and avoid (e.g., by insulating the ECF s factor coding gene with strong antisense terminators) when implementing an ECF switch.
In conclusion, our study shows that B. subtilis has a very narrow phylogenetic acceptance range for heterologous ECFs and that the effects of genetic variations on switch performance needs to be evaluated for each ECF individually. However, despite the observed individual variations, we also observe overall trends that allow us to derive the following design rules for ECF switches for implementation in B. subtilis: (1) ECFs from closely related organisms should be chosen; (2) the ECF switch should be implemented in single copy; (3) the inducible promoter driving the ECF expression should be chosen according to the type of response desired (e.g., constant or transient); (4) the ECF stability should not be decreased, e.g., by degradation tags; (5) the UP element should be included in the ECF target promoter, although we should notice that the importance of a potential UP element will depend on the precise nature of the promoter and the strength of its interaction with the RNApol; and (6) antisense transcription should be avoided.
The study presented here reports a systematic characterization of ECF-based genetic switches under different genetic environments. And although in vivo synthetic genetic circuits are never completely uncoupled from the host cell's physiology, we want robust circuits that are minimally affected by that. Having information about the robustness of the switches we employ in our circuits allow us to better choose them, to better design the circuit, and to better predict its behavior.
Limitations of the Study
With this study we have shown that B. subtilis has a reduced phylogenetic range of acceptance of heterologous ECF switches, but no conclusions about the reasons behind this observation can be drawn from our data. However, given the relevance of this question to the understanding of bacterial transcription initiation, it will be a topic of further research in our group. Furthermore, we have comprehensively assessed the effect of alternative genetic switch designs, but very few of these alterations resulted in an increase in the performance of the switch, which suggests that efforts toward optimization of ECF switches will be better used in the incorporation of partner proteins (e.g., anti-sigma factors) than on design changes.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.03.001.
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Annunziata, F., Matyjaszkiewicz, A., Fiore, G., (Staroń et al., 2009 ) for identification and classification of ECFs. Unclassified ECFs were then further analyzed for similarity with those of the remaining 28 groups (Gómez-Santos et al., 2011; Huang et al., 2015; Jogler et al., 2012; Pinto and Mascher, 2016 ) not included in the ECFfinder tool and classified as belonging of one of those groups when high sequence and genomic context similarities were observed. A subset of ECFs, from groups not present in B. subtilis 168 and from which putative ECF target promoters could be predicted accordingly to previously determined group specific putative target promoter motifs (Gómez-Santos et al., 2011; Huang et al., 2015; Jogler et al., 2012; Pinto and Mascher, 2016; Staroń et al., 2009) , were selected for implementation into B. subtilis 168 (Figure 1) .
Target promoter sequences were selected for each ECF. The target promoter for BL00106 was that previously determined (Wecke et al., 2012) . For the remaining ECFs we took under consideration the autoregulatory nature of ECFs and selected the intergenic sequence immediately upstream of the operons encoding the selected ECFs. The presence of a sequence similar to the target promoter motifs suggested for the ECF groups to which the selected ECFs belong to (Pinto and Mascher, 2016) was manually confirmed.
I.2 Strain generation
E. coli strains DH5a (F -endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
) and XL1-Blue (endA1 gyrA96(nal R ) thi-1 recA1 relA1 lac glnV44 F'[ ::Tn10 proAB + lacI q Δ(lacZ)M15] hsdR17(rK -mK + )) were used for cloning. Cells were grown in LB medium, and ampicillin (100 µg/ml) was added for selection and maintenance of plasmids.
Plasmids were generated according to BioBrick standards. ECF encoding genes and target promoters from B. licheniformis DSM13, B. cereus environmental isolate and E. coli DH10b were amplified from preparations of total DNA with the primers listed on table S3. ECF encoding genes from S. venezuelae ATCC 10712 and S. meliloti 1021 were codon optimized for B. subtilis according to the codon usage frequency characteristic of each organism (table S6) . Forbidden restriction sites accordingly to RFC10 BioBrick standard were removed, the RBS sequence and the N-terminal FLAG tag was added upstream. Genes were synthetized by GeneArt and later cloned into the appropriate vectors. ECF target promoters were obtain by annealing of complementary oligonucleotides (table S4) generating the appropriate overhangs for cloning into the RFC10 BioBrick standard compatible vectors. A complete list of the generated plasmids can be found in table S2.
B. subtilis 168 strain was used for all experiments. The relevant generated plasmids were introduced in B. subtilis 168 by transformation and the resulting strains were grown at 37°C in LB medium supplemented with the relevant antibiotics for selection: erythromycin and lincomycin (1 and 25 µg/ml, respectively) for selection of the mls R strains and chloramphenicol (5 µg/ml) for selection of the cm R strains.
I.3 Measurement of growth and switch behavior
Overnight cultures of B. subtilis 168 strains harboring ECF-based switched containing σ factors of B. licheniformis DSM13 and B. cereus environmental isolate were diluted 1:165 in fresh LB medium and incubated at 30°C with shaking for 4 hours. The exponentially growing cultures were then diluted to an optical density at 600nm (OD600) of 0.05 and incubated at 30°C. Both growth and promoter output were monitored every 5 minutes for 16 hours by measuring OD600 and luminescence in a BioTek Synergy 2 microtiter plate reader. After 1 hour, induction of ECF expression was accomplished through medium supplementation with 0.5% xylose (for strains in which expression of the ECF coding gene was dependent on PxylA) or 10 μg/mL of bacitracin (for strains in wish expression of the ECF coding gene was dependent on PliaI). Growth and switch behavior of all strains was additionally performed on MCSE medium (Radeck et al., 2013) at 37°C.
I.4 Data analysis
To generate growth curves the OD600 values were used. In each assay, the average OD600 value of three negative controls (sterile medium) was subtracted to all time-points of all cultures. following the same notation as before. The average of three independent experiments was then plotted against time expressed in minutes. To generate dose-response curves we first looked at the behavior of the inducible promoters PxylA, xylR-PxylA and PliaI and observed that in all cases the maximal output was achieved, in the conditions of the assay, 90 minutes after the addition of the inducer. For that reason, doseresponse curves of all ECF-based switches were generated by plotting the average value of luminescence normalized by optical density against inducer concentration. In all cases, averages, standard deviations and coefficients of variation were calculated from three independent experiments. The switches were considered active when the promoter activity was consistently at least two-fold above background for at least three consecutive measurements.
III. Plasmids
III.1 Plasmid list
All plasmids are listed in Table S2 . 
III.2 Plasmid maps
III.3 Plasmid sequences
Plasmid sequences containing relevant annotations have been compiled in GenBank format in Data S1. Sequences are identified by plasmid name as in Table S2 . Table S3 . PCR primers used in this study, Related to Figure 2 and Figure 1 . 
IV. Primers
Name Description Sequence * TM3575 BL00106 fwr AGTCGAATTCGCGGCCGCTTCTAGAGAAGGAGGTGAGGATCTATGGATTATAAGGATCATGATGGTGATTATAA GGATCATGATATCGACTACAAAGACGATGACGACAAGGAATATTATCGACAATATCATTC TM3639 BL00106 PstI-rev CTTCTTGCGGGCAGACTGGAGTTCATTTATGCAGCGGTTTG TM3640 BL00106 PstI-fwr CAAACCGCTGCATAAATGAACTCCAGTCTGCCCGCAAGAAG TM3641 BL00106 BsaI-rev GCTCTTTCCATAGATCGGTCGCAAAGCGCTGCGCAC TM3642 BL00106 BsaI-fwr GTGCGCAGCGCTTTGCGACCGATCTATGGAAAGAGC TM3576 BL00106 wt rev ACGTACTAGTATTATATTTTAATGTGCTTCAGTTTATC TM4181 BL04030 fwr AGTCTCTAGAAAGGAGGTGAGGATCTATGGATTATAAGGATCATGATGGTGATTATAAGGATCATGATATCGAC TACAAAGACGATGACGACAAGAATGAATTAGAACAGCAAGCGC TM4182 BL04030 rev GTTTCTTCCTGCAGCGGCCGCTACTAGTACTAGGCAGCGCACCTC TM4616 ecf105 fwr AGTCTCTAGAAAGGAGGTGAGGATCTATGGATTATAAGGATCATGATGGTGATTATAAGGATCATGATATCGAC TACAAAGACGATGACGACAAGCAAACATATCGTCACTATATTTTC TM4613 ecf105 rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATCATAGAAACTCTTCCTCCTTC TM3532 BL00106 (1-204aa) rev AGTCACTAGTTCACACTTTTCCGCCGCCATCT TM3577 BL00106 (1-167aa) rev ACGTACTAGTATTATTCTTCAACCGGCTGTG TM4885 BL00106_LDD rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGTCGTCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4886 BL00106_LAD rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGTCGGCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4884 BL00106_ASV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACCGACGCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4882 BL00106_AAV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACGGCCGCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4988 BL00106_DAG rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACCCGGCGTCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4989 BL00106_DVS rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACGAGACGTCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4990 BL00106_ISS rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACGACGAAATTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4991 BL00106_HHA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCATGATGTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4992 BL00106_ISV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACCGAAATTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4883 BL00106_LVA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCGACTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM4775 BL00106_LAA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCAGCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTATTTTAATGTGCTTCAG TM5745 BL04030_LAA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCAGCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5746 BL04030_AAV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACGGCCGCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5747 BL04030_LVA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCGACTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5748 BL04030_ASV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCGACTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5749 BL04030_LDD rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGTCGTCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5750 BL04030_LAD rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGTCGGCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5751 BL04030_HHA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCATGATGTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5752 BL04030_ISV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACCGAAATTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5753 BL04030_ISS rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACCGAAATTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5754 BL04030_DAG rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACCCGGCGTCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5755 BL04030_DVS rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACGAGACGTCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGCAGCGCACCTC TM5756 ECF105_LAA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCAGCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5757 ECF105_AAV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACGGCCGCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5758 ECF105_LVA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCGACTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5759 ECF105_ASV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACCGACGCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5760 ECF105_LDD rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGTCGTCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5761 ECF105_LAD rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGTCGGCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5762 ECF105_HHA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCATGATGTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5763 ECF105_ISV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACCGAAATTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5764 ECF105_ISS rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACGACGAAATTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5765 ECF105_DAG rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACCCGGCGTCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5766 ECF105_DVS rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACGAGACGTCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCTAGAAACTCTTCCTCCTTC TM5767 SVEN_0399_fwr GTTTCTTCGAATTCGCGGCCGCTTCTAGAGAAGGAGGTGAGGATCTATG TM5768 SVEN_0399_LAA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCAGCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5769 SVEN_0399_AAV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACGGCCGCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5770 SVEN_0399_LVA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCGACTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5771 SVEN_0399_ASV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACCGACGCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5772 SVEN_0399_LDD rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGTCGTCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5773 SVEN_0399_LAD rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGTCGGCTAATGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5774 SVEN_0399_HHA rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGGCATGATGTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5775 SVEN_0399_ISV rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTAGACCGAAATTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5776 SVEN_0399_ISS rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACGACGAAATTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5777 SVEN_0399_DAG rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACCCGGCGTCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5778 SVEN_0399_DVS rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATTATTACGAGACGTCTGCTACGTTTTGGTTAAAACTGTTAGTTTT GCCTGCGGTTGTTACCCCCATAC TM5179 ECDH10B_2741 fwr GTTTCTTCTCTAGAGAAGGAGGTGAGGATCTATGGATTATAAGGATCATGATGGTGATTATAAGGATCATGATA TCGACTACAAAGACGATGACGACAAGAGCGAGCAGTTAACGGAC TM5180 ECDH10B_2741 rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATCAACGCCTGATAAGCGGTTG TM5181 ECDH10B_4491 fwr GTTTCTTCTCTAGAGAAGGAGGTGAGGATCTATGGATTATAAGGATCATGATGGTGATTATAAGGATCATGATA TCGACTACAAAGACGATGACGACAAGTCTGACCGCGCCACTACC TM5182 ECDH10B_4491 rev GTTTCTTCCTGCAGCGGCCGCTACTAGTATAACCCATACTCCAGACGGAACAG TM3526
V. ECF switches from Escherichia coli, Sinorhizobium meliloti and Streptomyces venezuelae
V.1 Codon adjustment table
The codon usage table was generated using the codon usage frequency a subset of predicted highly expressed genes previously identified (Karlin et al., 2001) . Codon adjustment was performed by substitution of a given codon for the one used with similar frequency in B. subtilis. Figure S3 ). Figure S3 . Fold induction of ECF-based switches, Related to Figure 1 . Each switch is represented by its ECF group, the locus tag and the strain name. Strains were grown at 37°C and in chemically defined MCSE medium (Radeck et al., 2013) to exponential phase. Induction of ECF expression was accomplished through the medium supplementation with 0.5% xylose (for strains in which expression of the ECF coding gene was dependent on PxylA) or 10 μg/mL of bacitracin (for strains in wish expression of the ECF coding gene was dependent on PliaI, i.e., TMB3254 and TMB3289). Luminescence measurements were performed and in a microtiter plate reader and the fold induction value plotted here refers to the ration between the output of induced and un-induced samples 1 hour after induction. The SVEN_0399 switch (ECF19_SVEN_0399_TMB3854) is shown in green as an example of an active switch. 
V.3 Activity of ECF-based switches
ECF19_SVEN_0399_TMB3854 ECF53_SVEN_0434_TMB3494 ECF53_SVEN_6745_TMB3495 ECF16_SM_b20531_TMB3888 ECF123_SVEN_4540_TMB3480 ECF42_SVEN_4377_TMB2650 ECF42_SVEN_7131_TMB2653 ECF42_SMc01150_TMB3884 ECF41_SVEN_3295_TMB2580 ECF41_SVEN_3475_TMB3484 ECF41_SVEN_3859_TMB3487 ECF41_SVEN_1176_TMB3488 ECF41_SVEN_3821_TMB3486 ECF41_SVEN_0136_TMB3481 ECF41_SVEN_3480_TMB3289 ECF41_SVEN_0858_TMB3482 ECF41_SM_b20030_TMB3254 ECF56_SVEN_4562_TMB3496 ECF05_ECDH10B_4 491_TMB3882 ECF14_SVEN_4793_TMB3518 ECF51_SVEN_0015_TMB3531 ECF38_SVEN_6611_TMB3525 ECF38_SVEN_2914_TMB3523 ECF38_SVEN_3369_TMB3524 ECF39_SVEN_3215_TMB3526 ECF39_SVEN_3759_TMB3529 ECF39_SVEN_4575_TMB3530 ECF39_SVEN_3293_TMB3528 ECF39_SVEN_3278_TMB3527 ECF01_SVEN_4513_TMB3516 ECF50_SVEN_0980_TMB3492 ECF17_SVEN_0063_TMB3519 ECF12_SVEN_4870_TMB3517 ECF26_SMa0143 _TMB3883 ECF26_SMc02713_TMB3885 ECF15_SM_b21484_TMB3889 ECF121_SVEN3185 _TMB3654 ECF52_SVEN_3871_TMB3493 ECF26_SMc04051_TMB3886 ECF20_SVEN_6501_TMB3521 ECF27_SVEN_3668_TMB3522
ECF02_ECD10B_2 741_TMB3881 ECF29_SM_b20592_TMB3890
Fold induction
VI. Promoters VI.1 Promoter list and sequence
All promoters are listed in Table S7 . Source data can be found in Additional File 3. C. Dose-response curves drawn using the relative luminescence units (RLU) normalized by the optical density measured at 600 nm (OD600nm) value achieved 90 min after the addition of inducer. Final concentrations of xylose used for induction were 0, 0.002, 0.008, 0.03, 0.125 or 0.5% (w/v). Vertical bars represent standard deviations of three independent experiments. Source data can be found in Additional File 3. Figure S12 . Distribution of Euclidean distances, Related to Figure 2 . The Euclidean distance between each data point in the tridimensional scatter plots of Figure 2 and the default switch data point (black X) was calculated and their distribution plotted for each ECF switch. The Euclidean distance is a measure of the robustness of the switch to the imposed perturbation: a switch that is more robust to perturbations has a higher frequency of low distances, while a switch that is less robust to perturbations has a lower frequency of low distances. 
VI.2 Promoter behavior
A P xylA ecf P ecf luxABCDE GKTNSFNQNVALAA** -----------LVA** -----------LDD** -----------LAD** -----------ISV** -----------ISS** -----------HHA** -----------DVS** -----------DAG** -----------ASV** -----------
